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INTRODUCTION
Mitochondria are the power plants of all living cells, 
providing energy the cell requires in order to carry on 
every day life processes* They produce energy as a product 
of respiration, the chemical process in which a cell absorbs 
oxygen and gives off carbon dioxide. Mitochondrial 
respiration involves four macromolecular complexes that form 
a chain, along which electrons are transported by two 
smaller "shuttles”, coenzyme Q and cytochrome c (1], As 
shown in Figures 1 and 2, cytochrome c transports electrons 
from complex III to complex IV* How the protein does this 
mechanistically continues even today to be a subject of 
intense interest.
Concepts such as binding sites, inner or outer sphere 
electron transfer, even quantum mechanical tunneling have 
all been suggested in theory, yet no single model has 
experimentally been shown to be definitive. In general
[ihmm models all seek to address -qoMtion* of dynamics for 
'tlie/laek'thereof) >  whether or hoi■ cytochrome‘jg•'mi#rate'i#’;. 
pivots* or merely rests motionlessly b t t m n  th® tyo 
complexes 12).
One possible way to elicit information about electron 
transfer of free, mammalian cytochrome c might be to vary 
the external pH. In theory, this could alter the asymmetric 
charge distribution on the surface of the molecule, thus 
changing the orientation of the dipole, and perhaps the 
conformation of the protein at an interface at which charge 
transfer might occur. Such changes, if significant 
enough in their contribution to the overall process of 
electron transfer, should manifest themselves in 
experimental parameters such as the rate constant for 
heterogeneous charge transfer at an electrode, an 
electrochemical measure of the reversibility of a redox 
system (3). If the results of such preliminary studies were 
fruitful, further development of such a theoretical system 
might be of great benefit in the investigation of the 
possible effect of such systematic orientational changes on 
electron transfer rates and ultimately electron transfer 
distances.
ELECTROCHEMICAL MEDIATORS
Initial electrochemical studies of the behavior of 
cytochrome c at bare metal electrodes inevitably must have
bernti discouraging * Here ires a molecule capable of donating 
and accepting electrons# in exactly'the same way any typical 
Inorganic transition metal complex would# yet results often 
categorized the protein as being electroinacitve {4#5]* 
Better preparatory methods of cleaning the working electrode 
surface prior to its use were investigated# however even the 
most scrupulous regimen gave at best only very short lived, 
unstable signals. Typical cyclic voltammograms displayed 
1 ncreas ing peak separati on and decreasing cur rent amp1it udes 
as the number of scans increased. Bowden, Hawkridge# and 
Blount suggested, based on these signs of electrochemical 
irreversibility that the protein was adsorbing onto the gold 
surface, effectively inhibiting any further electron 
transfer [5}•
While a mediator works (in one manifestation) in the 
same manner, adsorbing onto and blocking the electrode 
surface, it does not affect adversely the observed 
electrochemistry of the redox system under study. Hill 
et al. have demonstrated numerous times throughout a series 
of papers that the electrochemistry of cytochrome c in the 
presence of a surface modified gold electrode ranges from 
quasi-reversible to reversible with no depletion of signal 
after repeated scans [4,6-10). The source of the ability of 
a mediator to facilitate electron transfer is the presence 
of two significant functionalities, one which binds to the 
electrode surface, while the other ideally interacts
chemically with the compound of interest* In the case of 
cytochrome c, linear hydrocarbons containing sulfur 
substituents that adsorb onto the gold electrode surface and 
nitrogen substituents that attach to the protein itself thus 
far have been the most commonly employed mediators 16]*
An interesting subclass of surface modifiers thaL has 
emerged out of the general study of mediators contain those 
surface modifiers that permit electron transfer to both 
negatively and positively charged proteins* The 
functionality interacting with the protein in such modifiers 
is more elaborate, containing both acidic and basic 
ionizable functional groups; A,4''-bipyridine and 
(pyridinylmethlyene)hydrazinecarbothioamides are the first 
two examples of such compounds (7]. Both have been shown to 
facilitate electron transfer to negatively as well as 
positively charged proteins at pH 7. Such modifiers have 
also been used in studying a single protein as the overall 
charge the protein is changed by varying the pH over a wide 
range•
pH DEPENDENT STATES OF CYTOCHROME c
Many denaturation studies of cytochrome c demonstrate 
that the protein exhibits biphasic behavior. Consider for 
example Figure 3, which shows the adsorbance of cytochrome c 
at 400 nm as a function of time. The implication whenever 
biphasic behavior is observed is that the transition from
native to fully denatured protein must pass through 
intermediate conformational states [11]. Indeed this Is true 
of cyotochrome c* Theorell and Akesson presented the 
earliest evidence that cytochrome c exists in more than two 
states as pH is varied. They denatured the protein by 
titration both with hydrochloric acid and sodium hydroxide, 
and concluded from both equivalence points as well as 
spectrophotometric measurements that ferricytochrome c has 
five chemically distinct pH dependant states, while 
ferrocytochrome c has three [12], Using resonance Bamen 
spectroscopy Myer et si, detected two additional states for 
ferricytochrome c [13].
Cytochrome c exhibits biphasic behavior in formal 
potential with varying temperature and pH, In exploiting 
this fact Ikeshoji, Taniguchi, and Hawkridge found only four 
electrochemically distinguishable states of ferricytochrome 
c, and no transition was observed for ferrocytochrome c 
below pH 12 [14] . The pKa's of transition from all three 
studies appear in Table 1. Figure 4, a plot of formal 
potential versus pH, shows the four electrochemical states. 
Ikeshoji et al. concluded that the biphasic behavior of 
cytochrome c results entirely from its ferric form and that 
the energetic contribution of ferrocytochrome c to the 
overall free energy of electron transfer is small. Type III 
ferrocytochrome c has been described as being a very tightly 
folded conformation that is highly unreactive - resistant to
tn order to investigate the behavior of the 
heterogeneous rate constant of cytochrome c with varying pH, 
we employed cyclic voltammetry using L-cysteine modified 
gold electrode. The overall charge of cytochrome c is 
expected to vary with changing pH. L-cysteine should promote 
electron transfer with both negatively and positively 
charged cytochrome c as described above. The 
heterogeneous rate constants were evaluated from the data 
using the Nicholson peak splitting method.
EXPERIMENTAL PROTOCOL
Information about the source and purity of each 
chemical appears in Table 2. All chemicals were used as 
purchased without further purification, except for monobasic 
and dibasic sodium phosphate, which were both purified by 
David Conrad as part of his doctoral thesis [15],
All electrochemical data were obtained using either a 
BAS 100A Electrochemical Analyzer (Bioanalytical Systems) 
or a cybernetic potentiostat prototype of the commercial 
instrument. Respectively, the working, counter and reference 
electrodes used in all experiments were a gold disc with a 
radius of 2mm (Bioanalytical Systems), platinum wire, and a 
silver/silver chloride electrode of conventional design in a 
salt bridge containing 1 M KC1. The electrochemical cell 
used was also of the same design which appears in the Conrad 
thesis. The glass chamber used in the ceil was made by the 
School of Chemical Sciences Glass Shop.
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8Fresh solutions of aqueous buffer (20mM), modifier 
(ImM) and supporting electrolyte (lOOmM) were made prior to 
each experiment by dissolving the solid in Milli-Q water, 
and adjusting each solution to the desired pH using small 
amounts of aqueous hydrochloric acid and sodium hydroxide. 
Cytochrome solutions were then made by dissolving cytochrome 
c in a solution containing equal amounts of electrolyte and 
buffer.
The general procedure for cleaning any part of the cell 
that would come into contact with the cytochrome solution 
was to soak it in a solution of 35% <119 v/v) for
four hours, and then to rinse it with small amounts of 
Milli-q water. All cell parts except for the working 
electrode were then sonicated for ten minutes in Milli-Q 
water, after which they were rinsed with additional Milli-Q 
water. The working electrode was polished on a M'crocloth 
polishing pad (Buehler Ltd.) using an Ecomet 1 
Polisher/Grinder (Buehler Ltd.). The electrode was polished 
for three five minute periods using diamond paste (Metadi) 
decreasing in size from 3 to 1 to 0.25 microns in that 
order. The diamond paste was diluted with Miili-Q water 
during its use. After polishing, the gold electrode was 
sonicated for 10 minutes in Milli-Q water and then modified 
by soaking it in L-cysteine for 5 min.
The modified working electrode was transferred directly 
to a cell containing blank electrolyte. A background scan
9was recorded over several cycles in order to verify the 
stability of the electrode. Blank electrolyte was then 
removed from the cell and replaced with cytochrome solution. 
A series of voltammograms at scan rates ramping up from 50 
mV/s to 500 mV/s and then back down again were recorded. 
Additional cysteine (100 ul) was added to the cell, and the 
same series of voltammograms recorded again for the same 
cytochrome solution. The same series of scan rates was 
repeated for all integer pH values between 4 and 9.
RESULTS AND DISCUSSION
Cathodic and anodic current amplitudes, peak splitting,
and the calculated values for Psi and heterogeneous rate
yconstant are tabulated in Table 3 as functions of change-g 
pH and scan rate. A typical series of voltammograms is 
depicted in Figure 5.
Voltammograms recorded at pH 9 often showed no evidence 
of faradaic activity, and were virtually identical in 
structure to the background scan. Voltammograms obtained 
from pH 4 to pH 8 displayed very similar structural features 
from one voltammogram to the next. One peak in both the 
forward and reverse scans indicated the presence of one 
redox couple, while the experimentally obtained 
heterogeneous rate constants further verified according to 
the guidelines suggested by Matsuda and Ayabe [3] that 
cytochrome c, in the presence of phosphate buffer over the 
potential range of +0.250 to -0.200 V vs. Ag/AgCl at a gold
10
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electrode modified with L-cysteine, displays quasi- 
reversible behavior. The fact that peak separations 
increased with increasing scan rate, ranging from 
approximately 90 mV at a scan rate of 50 mV/s to around 150 
mV at a scan rate of 500 mV/s, is another indication of 
quasi-reversible behavior [16].
The data obtained at any integral pH value we studied 
suggest the elctrochemical reaction of cytochrome c at an 
L-cysteine modified gold electrode is diffusion controlled, 
as evidenced by the linearity in plots of peak current as a 
funciton of the square root of scan rate however, we noticed 
additionally that the slope of such plots changed from one 
pH value to the next, ranging from 1.7 uAcm"^^s“^ ^  to
3.-1 u A c n T * ^ . As a proper analysis lies beyond the 
focous of this paper, we suggest here only that this 
phenomenon may be indicative of changing interfacial 
character, and defer any further elaboration on the subject 
of changing diffusivity to a later point in time.
Further evidence of interfacial instability may lie in 
a general trend we observed, that the initial cytochrome 
solutions seemed to display a rather short lived stability, 
as indicated by decreasing current amplitudes. Cyclic 
voltammograms were recorded in all cases until at least one 
of the current signals was no longer detectable, at which 
point additional L-cysteine was added to the cell. While
reminiscent of strong absorption onto the electrode surface, 
electron transfer was never found to be irreversible. Quite 
to the contrary, the presence of additional surface modifier 
seemed not only to rejuvenate the signal stability, but 
often to greatly improve it as well. At low concentrations 
of surface modifier, cytochrome c may be capable of 
displacing surface modifier from the working electrode 
surface. Irreversible adsorption at bare metal electrodes 
suggests a very strong affinity towards metals, an 
attractive force that and might only be counteracted in the 
presence of sufficiently high concentrations of surface 
modifier. Hill, Page, and Walton have reported that poly-L- 
lysine is capable of displacing the surface modifier 1,2- 
bis(4-pyridyl)ethylene in much the same fashion [9,17}.
Figure 6, a plot of redox potential versus pH, shows 
that over essentially a four order of magnitude change in 
hydrogen ion concentration, the formal potential of 
cytochrome c did not vary linearly. This is clearly an 
exception to the trend reported by Rees, that the redox 
potential of many proteins depends linearly on the overall 
charge of the molecule [18], however it also is in good 
agreement with the findings of Ikeshoji, Taniguchi, and 
Hawkridge [14]. Additionally it suggests that (type III) 
ferricytochrome c was indeed the object of this 
investigation, which is the form of cytochrome c that would
be expected to exist at the initially imposed potential of 
+0.250 V.
While the conformation of cytochrome c does not change, 
the charge state most certainly does between pH 4 and 8. The 
molecule must respond to changing overall surface charge in 
some other manner, such as translation or rotation. The fact 
that k^ exhibited much the same sort of independence to 
varying pH as did the redox potential, makes translation 
seem unlikely. Rotation on the other hand would be plausible 
if the changing charge distributions caused cytochrome c to 
simply spin about an axis more or less perpendicular tc the 
electrode surface, while always remaining in contact with 
the electrode surface.
An equally justified explanation, based on the trends 
of E® and k^ , is that the entire electron transfer process 
took place far enough under the surface of the system that 
it was effectively shielded from changing surface 
conditions. We feel this explantation, while certainly 
plausible, does not take into account an important aspect of 
our experimental proceedure. Our methidology was to adjust 
the pH of each cell solution seperately, and then once the 
cell had been assembled, record all data at a single pH 
value. In each case the cytochrome solution was initially 
not in contact with the gold electrode surface, however in 
each case we observed a voltammetric response when the two
14
components were brought into contact with each other. 
Electron transfer occurs, with little variation in 
both in the presence of the changing charge state of 
cytochrome c and inspite of it.
and k°
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Figure 1. The structure of the mitochondrial respiratory 
electron transport chain. The indicated measured redox 
potentials at which electrons are transfered at various 
points along the chain, occur at pH 7. From: Dickerson R.E 
Timkovich, R. In The Enzymes; Boyer, P.D. Ed.; Academic 
Press: New York, 1976; 3rd Edition, Vol. 11, Chapter 7.
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Figure 2. A hypothetical cross section of a mitochondrium, 
illustrating the role of cytochrome c in mitochondrial 
electron transport. From: Dickerson R.E.; Timkovich, R. In 
The Enzymes! Boyer, P.D. Ed.; Academic Press: New York, 
1976; 3rd Edition, Vol. 11, Chapter 7.
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Figure 3. Absorbance of cytochrome c at 400 nm versus time. 
The presence of two linear regions is indicative 
of biphasic behavior. From Ikai, A.; Tanford, C. 
Nature; (1971), 100, 230.
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Figure 4. The variation of E° with changing pH,
illustrating the four electrochemically distinct 
states of ferricytochrome c. From:
Ikeshoji T.; Taniguchi I.; Hawkridge F.M.
J Electroanal. Chemt (1989), 270, 297-308.
Figure 5. Typical cyclic voltammograms of cytochrome c in 
phosphate buffer obtained at an L-cysteine modified gold 
electrode. Batch I, recorded before additional cysteine was 
added are: i) blank supporting electrolyte - phosphate 
buffer and scan rates (mV/s) ii) 50 iii) 100 iv) 150 v) 250 
vi) 250 vii) 150 viii) 100 xiv) 50. Batch II# recorded after 
additional cysteine was added are: i) 50 ii) 100 iii) 150 
iv) 250 v) 250 vi) 150 vii) 100 viii) 50.
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Figure 5. Experimentally obtained plots of formal potential 
versus pH illustrating the independence of 
E° between pH 4 and pH 8.
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Figure 7. Experimentally obtained plots of heterogeneous 
rate constant versus pH illustrating the 
independence of k° between pH 4 and pH 8.
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Table 1. Comparison of the pKa's defining the distinct 
cytochrome c from references: i) fl] ii> [ 1 3 1  
i14** From: Ikeshoji T.; Taniguchi I./ Hawkridge F.M. 
J Electroanal. Chem (1989), 270, 297-308.
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CHEMICAL SOURCE PURITY
L-Cysteine hydrochloride, 
anhydrous, C3H7NO2S HC1
Fluka Chemical Corp. >99%
Horse Heart Cytochrome c 
{Type VI)
Sigma Chemical Co. 95-100%
Hydorchioric acid, HC1 Fisher Scientific Ltd. :reagent
Hydrogen peroxide, H20 Fisher Scientific Ltd reagent
Sodium phosphate, 
dibasic,-' anhydrous, 
Na2HP04
J, T. Baker, Fischer reagent
Sodium phosphate, 
monobasic, monohydrate, 
NaH2P04 H20
J. T. Baker, Fischer reagent
Table 2. Source and purity of chemicals used.
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Experimentally obtained data, illustrating how 
E and ku vary with changing pH.
